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ABSTRACT

One year of coherent Doppler lidar data collected at the U.S. Department of Energy’s Atmospheric Ra-
diation Measurement site in Oklahoma was analyzed to provide profiles of vertical velocity variance,
skewness, and kurtosis for cases of cloud-free convective boundary layers. The variance was normalized by
the Deardorff convective velocity scale, which was successful when the boundary layer depth was stationary
but failed in situations in which the layer was changing rapidly. In this study, the data are sorted according to
time of day, season, wind direction, surface shear stress, degree of instability, and wind shear across the
boundary layer top. The normalized variance was found to have its peak value near a normalized height of
0.25. The magnitude of the variance changes with season, shear stress, degree of instability, and wind shear
across the boundary layer top. The skewness was largest in the top half of the boundary layer (with the
exception of wintertime conditions). The skewness was also found to be a function of the season, shear stress,
and wind shear across the boundary layer top. Like skewness, the vertical profile of kurtosis followed a
consistent pattern, with peak values near the boundary layer top. The normalized altitude of the peak values
of kurtosis was found to be higher when there was a large amount of wind shear at the boundary layer top.
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1. Introduction and motivation

Vertical velocity w plays a critical role in many
atmospheric processes. Within the daytime continental
convective boundary layer (CBL) over flat terrain, var-
iations in w are generally associated with thermals
generated by surface heating, turbulence induced by
wind shear, or a combination of both processes. The
thermals lead to rapid mixing of heat, moisture, mo-
mentum, and trace gases over the depth of the layer, and
the role of individual thermals has been well docu-
mented (e.g., Lenschow and Stephens 1980; Greenhut
and Khalsa 1987; Williams and Hacker 1992). If a ther-
mal rises high enough that it reaches its lifting conden-
sation level, then the water vapor in the thermal will
condense and a cloud-topped boundary layer will form.
A wide range of studies have focused on the analysis of
the cloud-topped boundary in both continental (e.g.,
Berg and Kassianov 2008; Berg et al. 2011; Fang et al.
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2014) and maritime (e.g., Bretherton and Wyant 1997;
Ghate et al. 2014) conditions.

Distributions of w are a key part of many cumulus
parameterizations used in regional and global models.
For example, some approaches explicitly use joint dis-
tributions of temperature and w (Larson et al. 2012), and
others use the variance of w (Bretherton et al. 2004).
Other parameterizations use closure assumptions re-
lated to the cumulus mass flux, which is tightly coupled
to the speed of the convective updrafts for deep con-
vection (Kain and Fritsch 1990) as well as for mixtures of
deep and shallow convection (Kain 2004; Berg and Stull
2005; Berg et al. 2013).

There are relatively few long-term measurements of
w statistics within the CBL. Most studies have focused
on the analysis of a relatively small number of mea-
surements from aircraft (e.g., Lenschow et al. 1980;
Lenschow and Sun 2007) or remotely piloted aircraft
(Martin et al. 2014). These studies are episodic, and,
while the measurements are highly useful, it is difficult to
know how representative they are. Even studies with
routine aircraft observations (Vogelmann et al. 2012)
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still only have a relatively small number of flights. Other
studies have utilized tower data to examine w statistics
(e.g., Wyngaard et al. 1971; Wood et al. 2010; Liu et al.
2011). The short height of the towers (relative to the
depth of the daytime boundary layer), however, has
caused some researchers to focus on the analysis of
shallow internal boundary layers (e.g., Smedman and
Hogstrom 1983). Other approaches that have been ap-
plied include tank studies (Deardorff and Willis 1985) or
large-eddy simulation (e.g., Deardorff 1974; Lenschow
et al. 2012; Darbieu et al. 2015) to document changes in
the w statistics with altitude. Coherent Doppler lidar
(CDL) data have been used more recently to document
not only the w variance o2 but also higher-order mo-
ments of the distribution such as the skewness and kur-
tosis (Hogan et al. 2009; Lenschow et al. 2012; Rohner
and Traumner 2013; Maurer et al. 2016; Davis et al. 2013).

The long-term deployment of CDLs by the U.S.
Department of Energy’s Atmospheric Radiation Mea-
surement (ARM) Climate Research Facility (Mather
and Voyles 2012) gives a unique opportunity to address
these shortcomings and to provide a long-term dataset
that can be analyzed to document the behavior of o2,
skewness, and kurtosis over a multiseason period at a
single site. Long-term measurements of the turbulent
structure of the CBL have been obtained by other ARM
systems; for example, Turner et al. (2014) have used
high-resolution Raman lidar data to look at water vapor
variance and skewness in the CBL. Other studies have
linked the properties of the shallow cumuli with the
surface fluxes (Berg and Kassianov 2008; Zhang and
Klein 2010), but no studies have utilized long-term data
from the CDL deployed at the site. In this study, 1 yr of
CBL data is used to investigate the behavior of w
statistics over the full seasonal cycle.

This paper is organized in the following way: Details
of the instrument systems used in the study, including
the CDL as well as other instruments, are described in
section 2. Section 3 presents analyses and results that are
focused on changes in w statistics as a function of time of
day as well as a range of other variables, such as season,
wind direction, static stability, friction velocity (surface
shear stress), and wind shear across the boundary layer
top. Overall, systematic differences in the variance,
skewness, and kurtosis are found that are related to
changes in these variables.

2. Instruments
a. Coherent Doppler lidar

A detailed description of the configuration and op-
eration of the Halo Photonics CDL deployed at the
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ARM Southern Great Plains (SGP; Sisterson et al. 2016)
Central Facility site is presented by Pearson et al. (2009)
and Newsom (2012). In brief, the system uses a near-IR
laser (wavelength of 1.5um) that is sensitive to the
backscatter from aerosol and clouds to provide mea-
surements of radial velocity and attenuated backscatter.
As configured at the SGP, the CDL has a height reso-
lution of 30m but can be set to have a resolution be-
tween 18 and 60m. It is important to note that the
maximum range of the CDL is limited by the presence of
aerosol, which generally limits retrievals of w statistics to
the heights within the boundary layer, which has impli-
cations in the analysis of the data presented in this study.
The CDL is configured to stare vertically for the ma-
jority of the time. Once every 15 min, the unit performs
plan position indicator scans that are used to compute
the mean wind profile on the basis of the traditional
velocity—azimuth display algorithm (Browning and
Wexler 1968; Banta et al. 2002).

The time series of w from the CDL clearly shows the
presence of convective updrafts and downdrafts during
convective periods (Fig. 1). These data can be combined
directly to form probability density functions (PDFs) of
uncorrected w (w values that include instrument noise).
An ARM value-added product has been developed that
takes the 1-Hz data (as shown in Fig. 1) and computes
values of the higher-order moments of the w distribution
(variance, skewness, and kurtosis) derived from the
CDL data with a time resolution of 30 min (Newsom
et al. 2015). Each 10-min value is not independent,
however, because it is computed using a moving 30-min
average. Thus, we only use every third value reported in
our analysis. One key step in the processing of CDL data
is the removal of instrument noise from the lidar’s var-
iance estimates. In our processing, the instrument noise
is estimated using the method that is described by
Lenschow et al. (2000) and Pearson et al. (2009). In this
approach, the noise contribution to the raw radial ve-
locity variance is determined from a time series analysis
of the radial velocity data. Once the instrument noise is
determined, it is subtracted from the raw variance,
leaving only the atmospheric contribution. Calculation of
the third- and fourth-order moments is handled differ-
ently. These quantities are computed directly by first
removing radial velocities corresponding to wideband
signal-to-noise ratios (WSNR; Iwai et al. 2013) below 0.008.

Even with the noise compensation, it is well known
that CDL w variance measurements are biased toward
lower values because of the spatial-averaging effect
caused by the laser pulse width and the range-gate size.
Preliminary analysis of field data collected during a re-
cent field campaign at the Boulder Atmospheric Ob-
servatory (Lundquist et al. 2017) suggests that the ARM
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FIG. 1. Time-height cross section of uncorrected w (shading), z; (black line), and intervals
and heights used for computing sample PDFs (colors) and PDFs of w for the respective time

and heights on 18 Jul 2015.

CDL w variance estimates are negatively biased by
approximately 9% when the range-gate size is 30m
(Newsom et al. 2017).

Long-term averages of o2 profiles developed from
vertically staring data acquired by the CDL at the SGP
Central Facility using data collected between 2010 and
2014 show a nonphysical height-dependent sinusoidal
modulation of the atmospheric variance profile. The
artifact is most evident in mean variance profiles during
hot summer afternoon periods when the internal tem-
perature of the CDL approaches or exceeds 40°C. In
July of 2014, the CDL experienced a failure of its main
control computer and was subsequently shipped back to
the vendor for repair and refurbishment. The re-
furbishment included the installation of a new control
computer and a receiver upgrade. After this work was
complete, the system was reinstalled at SGP and
brought back into operation in November of 2014.
Subsequent analysis of data acquired after this date
showed no sign of the oscillatory artifact. Although the
exact cause of the artifact has not been firmly estab-
lished, indications are that it was temperature related. In
this study, we use only data collected during 2015, after
the refurbishment of the CDL.

The CDL can also be used to measure the cloud-base
height and to estimate cloud fraction, because it is very
sensitive to the backscatter from cloud drops and ice
crystals. The ARM CDLs estimate cloud-base heights

from the wSNR data using a matched-filter approach
(Newsom et al. 2015). The ARM SGP site has a number
of other instruments from which data are combined to
provide detailed information about the clouds above the
site; these instruments include cloud radars and laser
ceilometers (Clothiaux et al. 2000) that have been used
in previous studies (e.g., Dong et al. 2005; Berg and
Kassianov 2008). In this study, the cloud-base-height
estimates are used to mask out regions affected by
clouds, because we are most interested in the identifi-
cation of periods that are cloud free rather than in the
details of the cloud field that can be determined from the
other systems deployed at the site.

One key component of our analysis is the scaling of
height by the boundary layer depth z;. In the case of
CDL systems, the w variance can be used to estimate the
value of z; by applying a threshold value. In our study,
we experimented with the threshold value of 0.04 m*s~2,
as suggested by Tucker et al. (2009). This method has the
advantage that it applies a direct measure of the turbu-
lence intensity and is less susceptible to the presence of
residual layers that can fool lidar retrievals of z; that are
based on only the aerosol backscatter. At the SGP site,
however, this threshold often resulted in an estimate of
z; that was too large because of gravity waves or other
weak coherent vertical motions above the convective
boundary layer. Definition of a single threshold is also
difficult when the turbulence intensity can vary greatly
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during the day or over different seasons. With these
considerations in mind, the boundary layer depth is
defined in this study by using a threshold of normalized
variance (02/w%), where wy is the Deardorff convective
velocity scale {=[gz:(w'6')/8]"*}; the overbar indicates a
time average, and the primes indicate perturbations
from the mean quantity. In this case, impacts of moisture
on the buoyancy have been ignored. A threshold value
of 0.072 for o2 /w? is used to be consistent with the curve
presented by Lenschow et al. (2012). An iterative ap-
proach is needed because w is also a function of z;, and
the initial guess of z; is determined by using the variance
threshold applied by Tucker et al. (2009). We found the
approach to be very stable if the variance profile de-
creases monotonically with height. This is generally the
case, but there are instances in which there is a local
maximum in variance aloft and the iterative procedure
jumps between two specific heights. In such cases, we
simply use the smaller value of z; as the true CBL depth.
A number of techniques were considered in the context
of this study, including methods reviewed by Seibert
et al. (2000). These techniques consist of those based on
the temperature lapse rate (e.g., Heffter 1980; Liu and
Liang 2010), temperature excess of near-surface parcels
(e.g., Holzworth 1964, 1967), or the bulk Richardson
number (Troen and Mahrt 1986). Other methods using
remote sensing data have also been utilized in the past,
including sodars and radar wind profilers (e.g., Beyrich
1997; White et al. 1999; Bianco and Wilczak 2002), water
vapor variance profiles (Turner et al. 2014), and aerosol
backscatter from surface or airborne lidars (Brooks
2003; Scarino et al. 2014).

b. Radar wind profiler

Data from the 915-MHz radar wind profiler (RWP;
Muradyan et al. 1998) operated at the SGP are, in many
ways, complementary to the data collected by the CDL,
albeit with a much higher first range gate and coarser
height and time resolution. The RWP, however, has a
greater vertical range and provides measurements to
heights well above z; on many occasions. For this rea-
son, RWP data are used to compute the wind shear
across the boundary layer top using differences in the
wind speed measured at 1.1z; and 0.9z;. This choice of
heights is somewhat arbitrary, but the goal of this spe-
cific analysis is to break the data into cases with rela-
tively large and small amounts of wind shear across the
boundary layer top, which should not be overly sensi-
tive to the exact heights that are selected. Data from the
RWP are collected using high and low power settings to
form hourly consensus averages. In this analysis, only
data from the lower power setting are used because they
have finer spatial resolution. Additional details of the
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operation of the RWP at the ARM sites are presented
by Coulter (2012).

c¢. Surface measurements

Data from the eddy-covariance (ECOR; Cook 1997)
system deployed at the ARM SGP are used to compute
the sensible heat flux and typical scaling velocities,
including ws and the friction velocity us {=[(W)2 +
Ww)*]"™), where u and v are the horizontal wind com-
ponents. The ARM ECOR system consists of a Gill
Instruments, Ltd., WindMaster Pro mounted at the top
of a 10-m-tall tower along the northern edge of a field
adjacent to the SGP. Thus, the best fetch for surface flux
measurements are for conditions with southerly winds.
Half-hour averages of the surface sensible and latent
heat flux, momentum flux, and u.. are computed.

The calculation of wx also requires mean potential
temperature. The ECOR system reports temperature as
measured by the sonic anemometer, but it can be biased
(Cook 2016). Therefore, in our calculation, we utilize
the mean temperature measured by the weather station
(Holdridge and Kyrouac 1993) deployed near the ECOR
system rather than the mean temperature derived from
the sonic anemometer.

3. Selection criteria

A number of different criteria are used to select spe-
cific time periods used in the analysis, including thresh-
olds related to the cloud fraction and the wSNR. Given
that this study is focused on cloud-free conditions, we
required that the cloud fraction computed from the
CDL be less than 0.001 (derived from the fraction of
time over a 0.5-h interval in which a cloud was detected
by the CDL at any height between 100 and 9600 m).
Note that using this definition leads to the inclusion of
clear periods in an otherwise cloudy day. This treatment
maximizes the number of points used in the analysis.
Future studies may wish to apply more stringent criteria.
A wSNR threshold was applied to ensure sufficient
signal strength. Different wSNR thresholds were ap-
plied for the variance (0.007) and skewness and kurtosis
(0.02). These different thresholds were used because the
higher-order moments are inherently noisier and benefit
from a higher value of wSNR while using a smaller
threshold for the variance allows us to include more data
points in the analysis. Using a larger wSNR threshold
has the side effect of reducing the number of observa-
tions of skewness and kurtosis and leads to some
differences in the number of observations within specific
height ranges. Two other preliminary selection criteria
are also applied to the CDL time series, including re-
quiring that the value of sensible heat flux be positive
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FIG. 2. Time-height cross section of o /wk (colors), ws (yellow
circles), surface sensible heat flux (red line), and z; (black line) on
18 Jul 2015.

and that the value of z; be greater than 0.2 km. These two
criteria are applied to ensure that the boundary layer
was truly convective. A number of different selection
criteria that are focused on specific processes within the
CBL, such as the season, time of day, stability, shear
stress, and wind shear across the boundary layer top, are
also applied, forming the basis of the analysis that is
presented in the next section. In total, several thousand
individual 1-h periods were selected for analysis.

4. Analysis and results

Over the course of any given day, the cycles of o2,
sensible heat flux, wy, and z; follow a well-established
pattern that is tightly coupled to the solar heating of the
surface. The value of o2 shows much variability and
does not simply increase in magnitude as the day prog-
resses. For example, ozw, surface sensible heat flux, wy,
and z; are plotted in Fig. 2 for 18 July 2015. As expected,
o2, is small early in the morning and has peak values that
are as large as 2.0m*s~ 2 between 1700 and 2100 LT. The
value of z; also follows the expected pattern, reaching its
peak value between 1100 and 1200 LT and then slowly
decreasing through the rest of the afternoon. The value
of o2 was relatively large on this day (>2.0ms™' for
much of the afternoon). The growth in o2 is not con-
stant, however, and one of the most striking features
shown in Fig. 2 is the pulses seen in the vertical velocity
variance over individual 0.5-h periods. This is likely due
to the relatively small number of thermals that pass over
the lidar over each sampling period. For this case, the
convective time scale (¢ = z;/w) ranges between 10 and
15 min, which is a large fraction of the sampling period.

Composites of afv, skewness, and kurtosis have been
constructed using all of the CDL data collected during
2015 that met the criteria presented in section 3 (Fig. 3).
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FIG. 3. Composite time series of (top) o2 /w%, (middle) skewness,

and (bottom) kurtosis using all available data collected in 2015 that
meet the criteria described in the text. The black solid lines rep-
resent the median values of z;.

The o2 follows the same pattern as the example shown
in Fig. 2, and the peak values are found between 1200
and 1500 LT. The value of z; increases rapidly between
0900 and 1200 LT and is then generally constant until
1700 LT, at which point it decreases quickly. Within the
planetary boundary layer, the w skewness is positive,
reaching values nearly as large as 0.7. This result is
consistent with the findings of others for the daytime
CBL (Lenschow et al. 2012). During the morning hours,
the skewness above the boundary layer is much closer to
zero. Note that the vertical extent of the skewness (and
kurtosis) composites do not reach as high an altitude as
the ¢?; this difference is due to the application of dif-
ferent wSNR thresholds, as discussed in section 3. The
kurtosis pattern is slightly different, with peak values of
kurtosis found near the boundary layer top, with values
in the lower part of the boundary layer being near 3 and
values at the boundary layer top being 4 or slightly
greater. These values indicate that w distributions found
near the boundary layer top have a greater frequency of
outliers than at lower altitudes, although the distribution
itself tends to be narrower, as indicated by the smaller
values of variance at those heights.

Although the composites, such as those shown in
Fig. 3, provide information about the variation of the w
statistics, additional insight can be gained by carefully
investigating their sensitivity to a number of different
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(2012).

factors, including the time of day, the wind direction, the
season, uUsx, static stability, and wind shear at the top of
the boundary layer. These sensitivity studies are pre-
sented in the next sections.

a. Variation with time of day

The intensity of turbulence within the boundary layer
clearly changes with time during the day, but scaling
parameters such as ws, combinations of ws and us
(Moeng and Sullivan 1994), and z; are frequently used to
make profiles of normalized key variables that are in-
variant with time (e.g., Stull 1988; Moeng and Sullivan
1994). Analysis of the CDL data allows us to investigate
the performance of the scaling more carefully. Profiles
of the median o2 /w% show that the shape of the profile
does not change significantly over the course of the day
(with a peak value near an altitude of 0.25z;), which is
consistent with the sample PDFs highlighted in Fig. 1.

The magnitude of the normalized variance increases
from 0830 to 1230 LT (Fig. 4a) but is then nearly con-
stant from 1230 to 1600 LT, after which it decreases.
Similar results are found regardless of the altitude, al-
though the response is more muted higher in the
boundary layer (Fig. 4d). This breakdown in the stan-
dard scaling is likely associated with the relatively rapid
growth of the boundary layer through the morning. As
shown in Fig. 3, the boundary layer grows rapidly be-
tween 0800 and 1200 LT. During this transitional period,
the scaling using ws and z; breaks down, leading to
profiles of o2 /w3 that change systematically with time.
Because of this nonsteady behavior in the morning and
late afternoon, the analysis presented in subsequent
sections will only focus on data collected between 1100
and 1700 LT.

The w skewness profile changes in both magnitude
and shape through the morning until 1030 LT (Fig. 4b).
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The peak value of the skewness increases from an alti-
tude near 0.35z; early in the day to 0.65z; later in the day.
For example, for the altitude of 0.35z;, the skewness
is nearly constant after 1030 LT (Fig. 4e). The behavior
is different at an altitude of 0.75 z;, where the skewness is
relatively small before 1330 LT and then increases and
remains large until 1630 LT (Fig. 4e). This behavior is
likely associated with large coherent thermals that occur
in the afternoon, such as those seen in Fig. 1.

As compared with o2 /w% and skewness, the kurtosis
does not change much over the course of the day
(Fig. 4¢c) and is nearly always greater than 3 (the value
for a Gaussian distribution). There is some decrease in
kurtosis lower in the boundary layer and some increase
higher in the boundary layer with time (Fig. 4f), with the
largest difference between the two altitudes occurring
near 1300 LT. This behavior indicates that there is a
relative decrease in frequency of more extreme values of
w at lower altitudes as the day progresses.

All of the median values of o?/w% that were com-
puted using the CDL data are smaller than the values
reported by Lenschow et al. (2012), which are nearly
the same magnitude as the 75th percentile of o2 /w} at
1530 LT for the SGP. The reason for this difference is
not immediately clear, because it is anticipated that the
CDL would underestimate the variance by only 9% on
the basis of the laser pulse width and the range-gate
size and because the values of u, wx, and stability are
similar between the two studies. Note, however, that
the study of Lenschow et al. (2012) is focused on a
relatively small number of days and that our results are
generally consistent with those of Hogan et al. (2009) as
measured at the Chilbolton Observatory located in
England.

b. Variation with mean wind direction

The area around the SGP is surrounded by a com-
bination of pasture and cropland with relatively little
topographic variability (Sisterson et al. 2016), and it is
perhaps surprising that the profiles of o /w} sorted by
wind direction (into bins that are 22.5° wide) show
systematic variations (Fig. 5). In addition, the median
value of ?/w3 for cases with southerly winds is sys-
tematically smaller than that measured during periods
with easterly or westerly winds. The reason for this
behavior is not obvious, although the sonic anemom-
eter used in this analysis is located at the northern edge
of a field near the SGP site, and its measurements are
most representative for cases with southerly winds.
There are also many more observations for cases with
southerly winds; this could lead to some discrepancies
with the measurements from other wind directions.
Because of the observed sensitivity of the turbulence
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statistics to the wind direction, the analysis associated
with other meteorological variables will focus only on
cases in which the mean wind direction measured by
the CDL at 0.5z; is between 135° and 225°.

The results presented on the right-hand side of Fig. 5
highlight the rapid decrease in the number of good ob-
servations between normalized heights of 0.8z; and 1.0z;.
This decrease is largely associated with the maximum
range of the CDL and the relatively small amounts of
aerosol loading near the boundary layer top. The me-
dian value of z; between 1100 and 1700 LT is 1.40km,
and the 75th and 90th percentiles are 1.64 and 1.85km,
respectively. We see that there are many instances in
which the unit will struggle to retrieve high-quality
w statistics near the boundary layer top. This is one
reason why RWP data are applied in section 4f to ex-
amine the impact of wind shear across the boundary
layer top on the turbulence in the boundary layer.

c. Variation with season

One advantage of a long-term dataset is the ability to
investigate the variability of important parameters
across different seasons. In this case, we have divided
the data into 3-month blocks, and values of o?/w,
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FIG. 6. Profiles of (a) o2 /w?, (b) skewness, (c) kurtosis, and (d) number of observations during the winter (blue), spring (green), summer
(red), and fall (orange). For (a)-(c), the open symbols represent the median values and the bars indicate the 75th and 25th percentiles.

skewness, and kurtosis have been computed as a func-
tion of height (Fig. 6). The values of a2/wk at all alti-
tudes lower than 0.8z; are found to be largest in the
spring, with moderate values found in the summer and
autumn. The differences in o2 /w’ are small between the
winter and summer, although they are still statistically
significant for altitudes between 0.55z; and 0.75z;.
Overall, the skewness profiles for the warmer seasons
are similar in shape to the profiles presented by LeMone
(1990), with the largest values occurring near the middle
of the boundary layer. There are seasonal differences in
skewness above 0.5z;, with the wintertime values being
smaller than those found in any other season. This be-
havior could be related to reduced surface heating and a
reduced intensity of the convective thermals during
winter. The kurtosis profiles have small seasonal dif-
ferences until an altitude of 0.8z;, but there are only a

small number of observations at this height, and the
differences may not be statistically significant.

d. Variation with u

The surface stress, as represented by u+, is found to be
related to the variability in the vertical profiles of w
turbulence statistics. Values of ux have been computed
using data from the sonic anemometer deployed at the
ARM SGP: site, and the distribution of u+ is presented in
Fig. 7. The data have been sorted into three difference
classes according to the observed values of ux: one for ux
of less than 0.28ms ™', one for values that are greater
than 0.59ms !, and one intermediate class. These
values represent the 15th and 85th percentiles of the u.
distribution, and the range is roughly consistent with the
thresholds applied in Lenschow et al. (2012), where u
was found to range between 0.16 and 0.52ms ™",
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FI1G. 7. Histograms of (a) ux, (b) ws, and (c) —z;/L for periods used in the analysis of w statistics. The dashed lines in (a) and (c) indicate
thresholds used for separating cases with small and large values.
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FIG. 8. Profiles of (a) o /w?, (b) skewness, (c) kurtosis, and (d) number of observations for cases with large (red)
and small (black) ux. For (a)—(c), the open symbols represent the median values and the bars indicate the 75th and
25th percentiles. Gray shading indicates heights at which the differences in the two distributions are not statistically

significant at the 0.01 significance level.

Significant differences are found in the vertical pro-
files of o2 /w3, with smaller values of ux corresponding
to generally larger values of o2 /wk (Fig. 8a). The dif-
ference is particularly clear for altitudes of less than
0.5z;, with generally smaller differences in the upper
part of the boundary layer. The skewness is not strongly
affected by changes in u+, at least for altitudes of lower
than 0.8z; (Fig. 8b). It is interesting to note the changes
in skewness aloft. Given the dependence of us on the
surface measurements, this result is surprising. There
is a weak tendency toward smaller values of wind shear
across the boundary layer top for cases with large uy
(not shown) as well as an increase in wind shear at
the boundary layer top during winter conditions. We
will see in section 4f that the shape of the skewness
profile is reminiscent of the plots for cases with small

and large wind shear at the boundary layer top. Large
values of uy are also associated with larger values of
kurtosis (Fig. 8c), indicating an increase in extreme
values associated with enhanced mixing for cases with
large ux.

e. Variation with stability

The static stability can be represented with the
parameter —z,/L, where L is the Obukhov length. In
their study, Lenschow et al. (2012) used a threshold
value of 30 to separate moderately unstable conditions
and very unstable conditions. The same threshold is
applied in this study. The median value of o2 /w3 is
found to be smaller in very unstable conditions in the
bottom half of the boundary layer and to be slightly
larger in the top half (Fig. 9a). These findings are

1.2 —A) B) . C) ¥ D)
@ O~ Very Unstable —aC— L p—
g -O- Moderately Unstable ——n— _g.n__
‘h\ é l. LS .':
08 I “n\..‘ \\ . "'- '.'
N e s
ool ™°= o o L =5 | oL
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 1.0 2 3 4 5 6 0 2000
sz/ W*2 Skewness Kurtosis Count

FIG. 9. As in Fig. 8, but for very unstable (red) and moderately unstable (black) conditions.
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F1G. 10. PDFs of w for very unstable (red) and moderately unstable (black) conditions observed
with the CDL.

consistent with those of Moeng and Sullivan (1994), who
showed slightly larger values of normalized w variance
during less-unstable conditions (albeit with a modified
version of the scaling). This finding is different than that
reported by Lenschow et al. (2012), who also found
slightly larger values of 0% /w2 during periods that are
more unstable. It is important to note, however, that
there is a large amount of variability in the values of
a2 /w3 computed from the CDL and that there are also
cases (as shown in Fig. 10) in which the variance is larger
for a more unstable case. This analysis also ignores the
impact of wind shear on the PBL, which also has an
impact on the nature of the turbulence. The differences
in stability have minimal impact on skewness, although
the small differences for altitudes below 0.5z; (with the
exception of the lowest level) are found to be statisti-
cally significant (Fig. 9b). The kurtosis is found to be
smaller in very unstable conditions (Fig. 9c), corre-
sponding to a distribution that is less peaked and that
tends to have fewer extreme values away from the mean
value (Fig. 10). In some sense, this is consistent with the
findings for u., for which increased values of us (which
are likely associated with moderate instability) lead to
increased values of kurtosis.

f- Variation with wind shear

The suite of instruments deployed at the SGP Central
Facility provides a unique opportunity to examine
changes in w turbulence statistics with changes in the
wind shear across the boundary layer top. Rather than
use the wind shear calculated from the CDL, we have
used data from the RWP. As pointed out earlier, the
number of good CDL observations drops off quickly
near the boundary layer top. This drop-off makes the
calculation of the wind shear across the boundary layer
top difficult. The RWP retrieves wind profiles through
the boundary layer on a more regular basis (although the

number of points used in the analysis is still relatively
small) with a vertical resolution of 60 m. The wind shear
is simply calculated as the difference in wind speed be-
tween 0.9z; and 1.1z;, and directional shear is ignored in
this approach. Small and large values of shear are de-
fined tobe —0.6and 1.4ms ™', respectively. These values
are approximately the 30th and 70th percentiles of the
observed shear values derived from the RWP. The im-
pact of the wind shear on the o /w? profile is evident for
altitudes between 0.4z; and 0.9z; (Fig. 11a), with large
amounts of shear leading to greater values of o2 /w3.
There is also an impact on the skewness, with small
amounts of wind shear being associated with distribu-
tions that are less skewed (Fig. 11b), although nearly all
of these differences were not significant at the 0.01 level
(the differences are significant at the 0.05 level for alti-
tudes ranging from 0.45z; to 0.95z;, and the results are
consistent with a similar analysis that is based on the
CDL data). Larger amounts of wind shear also lead to an
increase in kurtosis at the top of the boundary layer
(Fig. 11c), indicating that the w distributions tend to
have more values near the mean and additional outliers
when the shear is large.

5. Summary and conclusions

This study helps to fill a void associated with a lack of
long-term observations of the characteristics of turbu-
lence over the depth of the cloud-free CBL. We utilized
1yr of data collected using the CDL deployed at the
ARM SGP: site to document the characteristics of 2, w
skewness, and w kurtosis from the surface to the
boundary layer top. The CDL data were sorted as a
function of time of day, season, uy, static stability, and
wind shear across the top of the boundary layer to de-
termine the impact of changes in these variables on the
w statistics.
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Fi1G. 11. As in Fig. 8, but for large (red) and small (black) amounts of wind shear across the boundary layer top.

Standard boundary layer scaling parameters were
used to normalize the CDL observations; although
profiles of o?/wk collected during the afternoon col-
lapsed onto a single curve, different results were found
in the morning when the value of z; changes rapidly. This
breakdown in the standard scaling is likely due to non-
stationarity in the morning boundary layer over the
30-min averaging intervals used here. Our results high-
light that care is needed when applying traditional scal-
ing during periods in which properties of the boundary
layer are changing. The shape of the w skewness profiles
also changed over the course of the day, whereas the
w kurtosis profiles changed relatively little.

The w statistics were found to be sensitive to season,
U, static stability within the boundary layer, and wind
shear across the boundary layer top, although the details
of the sensitivity changed depending on the variable of
interest. The largest values of o2/w3 were found in the
spring, with moderate values in the autumn and summer
and smaller values in the winter. The w skewness profiles
from the spring, summer, and autumn were very similar
below 0.5z;, and the skewness above 0.5z; was smaller in
the winter than in the other seasons. Larger values of u
were found to lead to smaller values of o2 /w% and larger
values of w kurtosis. Little difference was found in the w
skewness for altitudes below 0.7z;, but large values of ux
were found to correspond to large values of skewness in
the top half of the boundary layer. This behavior may be
attributed to a reduction of wind shear across the
boundary layer top during windy conditions. Very un-
stable conditions are generally associated with smaller
amounts of o2/w3 in the bottom of the CBL, larger

amounts in the top of the layer, and smaller values of
w kurtosis but little change in the w skewness. The mag-
nitude of the wind shear across the boundary layer top has
an impact on the o2 /w3 in the top half of the boundary
layer. In addition, large amounts of shear are associated
with larger values of w kurtosis near the boundary layer top.
Long-term datasets, like the CDL data generated by
the ARM Program, provide a unique opportunity to
extend our understanding to include a wider range of
meteorological conditions than has been possible in the
past. In addition to insights gained about the vertical
structure of turbulence in the boundary layer, studies
such as this one can be used to evaluate parameteriza-
tions used in regional- and global-scale models. Future
efforts will focus on combining data from the CDL with
other instruments at the ARM sites to link the turbu-
lence statistics with the thermodynamic properties and
to examine bulk models of entrainment flux, such as
those proposed by Sorbjan (1991, 2005), Conzemius and
Fedorovich (2006), and Wulfmeyer et al. (2016).
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